Abstract The potential of solid phase extraction (SPE) clean-up has been assessed to reduce matrix effects (signal suppression or enhancement) in the liquid chromatographytandem mass spectrometry (LC-MS/MS) analysis of lipophilic marine toxins. A large array of ion-exchange, silica-based, and mixed-function SPE sorbents was tested. Polymeric sorbents were found to retain most of the toxins. Optimization experiments were carried out to maximize recoveries and the effectiveness of the clean-up. In LC-MS/ MS analysis, the observed matrix effects can depend on the chromatographic conditions used, therefore, two different HPLC methods were tested, using either an acidic or an alkaline mobile phase. The recovery of the optimized SPE protocol was around 90% for all toxins studied and no break-through was observed. The matrix effects were determined by comparing signal response from toxins spiked in crude and SPE-cleaned extracts with those derived from toxins prepared in methanol. In crude extracts, all toxins suffered from matrix effects, although in varying amounts. The most serious effects were observed for okadaic acid (OA) and pectenotoxin-2 (PTX2) in the positive electrospray ionization mode (ESI + ). SPE clean-up on polymeric sorbents in combination with the alkaline LC method resulted in a substantial reduction of matrix effects to less than 15% (apparent recovery between 85 and 115%) for OA, yessotoxin (YTX) in ESI − and azaspiracid-1 (AZA1), PTX2, 13-desmethyl spirolides C (SPX1), and gymnodimine (GYM) in ESI + . In combination with the acidic LC method, the matrix effects after SPE were also reduced but nevertheless approximately 30% of the matrix effects remained for PTX2, SPX1, and GYM in ESI + . It was concluded that SPE of methanolic shellfish extracts can be very useful for reduction of matrix effects. However, the type of LC and MS methods used is also of great importance. SPE on polymeric sorbents in combination with LC under alkaline conditions was found the most effective method.
HPLC methods were tested, using either an acidic or an alkaline mobile phase. The recovery of the optimized SPE protocol was around 90% for all toxins studied and no break-through was observed. The matrix effects were determined by comparing signal response from toxins spiked in crude and SPE-cleaned extracts with those derived from toxins prepared in methanol. In crude extracts, all toxins suffered from matrix effects, although in varying amounts. The most serious effects were observed for okadaic acid (OA) and pectenotoxin-2 (PTX2) in the positive electrospray ionization mode (ESI + ). SPE clean-up on polymeric sorbents in combination with the alkaline LC method resulted in a substantial reduction of matrix effects to less than 15% (apparent recovery between 85 and 115%) for OA, yessotoxin (YTX) in ESI − and azaspiracid-1 (AZA1), PTX2, 13-desmethyl spirolides C (SPX1), and gymnodimine (GYM) in ESI + . In combination with the acidic LC method, the matrix effects after SPE were also reduced but nevertheless approximately 30% of the matrix effects remained for PTX2, SPX1, and GYM in ESI produced by certain algae. The most common intoxications in Europe caused by the consumption of shellfish contaminated with marine toxins are diarrhetic shellfish poisoning (DSP), and to a lesser degree, paralytic shellfish poisoning (PSP). Toxins responsible for DSP intoxication belong to the group of the lipophilic marine biotoxins. In this paper, five different groups of lipophilic marine biotoxins are considered: the first group is the already mentioned DSP toxins of which the predominant toxins are okadaic acid (OA), dinophysistoxin-1 (DTX1), dinophysistoxin-2 (DTX2), and dinophysistoxin-3 (DTX3) (Fig. 1a) . DTX3 is a collective term for acyl-esterified forms of OA and DTX1 and DTX2. DSP toxins cause diarrhea, nausea, vomiting, and abdominal cramps [1, 2] . The second group is the yessotoxins (YTXs; Fig. 1b ). YTXs have an adverse effect on the cardiac muscle cells in mice, but intoxications in humans so far have not been reported [3, 4] . The third group is the azaspiracids (AZAs; Fig. 1c ), in which AZA1, -2 and -3 are the predominant toxins. Azaspiracids show adverse effects comparable to OA and DTXs; nausea, diarrhea, stomach cramps, etc. Although the adverse effects are comparable to those of DSP, the mode of action of AZAs is different and only partially elucidated [5, 6] . The fourth group is the pectenotoxins (PTXs; Fig. 1d ). The diarrhetic effects of PTXs are not clear and toxicity is only observed after intraperitoneal injection in mice [7, 8] . The fifth group is the spiroimine toxins; spirolides (SPXs) and gymnodimine (GYM; Fig. 1e ). These toxins show adverse neurological effects on the respiratory tract, comparable with saxitoxin (PSP toxin). The spiroimine toxins can cause death of mice within minutes after intraperitoneal injection [9] .
EU regulation prescribes which lipophilic toxins should be monitored and determined in the edible parts of shellfish [10] . The permitted levels for the sum of OA, DTXs, and PTXs is set at 160 µg kg −1 , the sum of relevant YTXs is set at a total of 1 mg kg −1 and the sum of relevant AZAs at 160 µg kg −1 [10] . The spiroimines are currently not regulated under EU legislation, but may become regulated in the future [11] . Mouse or rat bioassay is the official control method for lipophilic marine toxins in shellfish (alternative methods may be used if they provide an equivalent level of shellfish consumer protection as provided by the bioassay and have been validated to international protocols). The animal assays have some serious drawbacks with respect to sensitivity, detectability of the individual toxins and in relation to animal welfare and ethics. In recent years, analytical methods based on liquid chromatography (LC) coupled to mass spectrometry (MS) have been developed as an alternative for the detection of lipophilic marine toxins in crude methanolic shellfish extracts [12] [13] [14] [15] . However, it is well known that in LC-MS/MS analysis, matrix effects (ion suppression or ion enhancement) can lead to an under-or overestimation of the concentration. In order to overcome matrix effects, different approaches can be used, including internal standards, standard addition or the removal of matrix effects by various clean-up techniques. Unfortunately, in the field of [17] [18] [19] [20] . After LLE, the organic phase is evaporated to dryness and reconstituted in methanol, acetonitrile, or acetone. The evaporation step may have a negative effect on the solubility and stability of the toxins. From a (pre-)validation round conducted within the EU BIOTOX project, it became clear that LLE did not give satisfactory results with respect to accuracy, reproducibility, and repeatability [21] . Most SPE methods are directed to the clean-up or isolation of an individual toxin or toxin group. SPE clean-up has been combined with LC-fluorescence detection (FLD) for the determination of OA and DTXs in shellfish. Puech et al. described the use of immuno-affinity cartridges with satisfactory recoveries (>55%) [22] and Quilliam et al. used aminopropylsilica cartridges with excellent recoveries (>95%) [23] . For the determination of OA, DTX, YTX, and PTX toxins with LC-MS, Goto et al. published a rather labor-and resource-intensive method using two parallel SPE procedures with recoveries in the range of 69-134% [24] . A C 18 cartridge was used to isolate YTX and 45OH-YTX from the crude methanolic extract, while for the isolation of OA and DTX1, LLE was applied, followed by SPE on a silica cartridge. Stobo et al. used a polymeric type SPE cartridge to isolate AZAs from crude extracts [13] and Moroney et al. used a diol-type SPE sorbent for the clean-up of AZA1-3 from shellfish extracts [25] , however, the effectiveness of the clean-up has not been described in detail.
To our knowledge, there has not yet been a multi-toxin SPE method developed that accommodates the predominant lipophilic marine toxins from each of the five toxin groups. In this paper, an SPE method is presented for the isolation and clean-up of lipophilic marine toxins from all toxin groups from crude methanolic extracts. The efficiency of the SPE method in the removal of interfering matrix components resulting in a reduction or removal of ion suppression/enhancement effects was tested for three different shellfish species: mussel, scallop, and oyster. Recently, Fux et al. have shown that matrix effects can be heavily dependent on the chromatographic system used [26] . To study this in more detail, two separate LC-MS/MS methods were applied, using very different mobile phase systems [12, 27] . For OA and PTX2, the experiments were also conducted with two electrospray ionization modes.
Experimental

Chemicals and standards
Water was deionized and passed through a Milli-Q water purification system (Millipore, Billerica, MA, USA). Formic acid (98-100%) was purchased from Merck, Darmstadt, Germany. Ammonium formate (>97%) was purchased from Sigma-Aldrich, Zwijndrecht, The Netherlands. Acetonitrile (HPLC supra gradient) and methanol (absolute) were purchased from Biosolve, Valkenswaard, The Netherlands. Ammonium hydroxide (25%) was purchased from VWR International, Amsterdam, The Netherlands. OA (certified reference material (CRM)-OA-b 24.1±0.8 μg mL ) were purchased from the National Research Council, Institute for Marine Biosciences (NRC CNRC), Halifax, Canada. A laboratory reference material (LRM) was prepared from mussel (Mytilus edulis) containing OA, DTX1, -2, YTX, AZA1, -2, -3 and PTX2 at the Marine Institute, Ireland. An extract in methanol with a solvent-to-sample ratio of 10 was prepared from this LRM homogenate. with 30% B, which was increased linearly to 90% B in 8 min. The composition was kept for 2.5 min at 90% B and was in 0.5 min returned to 30% B. An equilibration time of 4 min was allowed before the next injection. The X-Bridge™ column was used under alkaline conditions (pH 11) with water as mobile phase A and acetonitrile/water (90:10% v v −1 ) as mobile phase B. Both mobile phases contained 6.7 mM ammonium hydroxide. A gradient was run at a flow rate of 0.4 mL min −1 ; the gradient started with 10% B, which was after one min increased linearly to 90% B in 9 min. The composition was kept at 90% B for 3 min and was in 2 min returned to 10%
B. An equilibration time of 4 min was allowed before the next injection. For both the acidic and alkaline LC method, the vial compartment of the autosampler was kept at 10°C and a 10-µL injection volume was used.
Mass spectrometry
Mass spectrometry was performed using a Micromass Quattro Ultima tandem mass spectrometer (Waters-Micromass, Manchester, UK) equipped with an electrospray ionization interface (ESI). The mass spectrometer was operated in the negative ESI (ESI − ) and the positive ESI (ESI + ) mode, with a capillary voltage of 2.8 kV, a desolvation temperature of 350°C at a nitrogen gas flow rate of 600 L h −1 , a source temperature of 120°C, and a cone gas flow rate of 100 L h −1 . Argon was used as collision-induced dissociation (CID) gas at a pressure of 2.3×10 −3 mbar. The cone voltage and collision energy were optimized by direct infusion experiments under acidic and alkaline conditions ( respectively. For the acidic and alkaline LC method a solvent delay of respectively 2 and 3 min was used to reduce contamination of the MS interface.
Solid phase extraction
Automated SPE system (Symbiosis Pharma)
Development of the SPE procedure was performed using an array of cartridges and sorbents from different manufacturers. Due to a very limited availability of standards, optimization of the SPE method was carried out using the LRM extract. SPE sorbent screening was performed with an automated SPE system, the Symbiosis Pharma (Spark Holland, Emmen, The Netherlands). The Symbiosis Pharma consists of a temperature-controlled stacker, a temperature-controlled autosampler (Reliance), a highpressure dispenser (HPD single), a high-pressure mix with a solvent-selection manifold, a gradient pump set, and an automatic cartridge exchanger (ACE). With the Symbiosis Pharma, the following sorbents were tested: Cyano, C 2 , C 8 , C 8 endcapped (C 8 ec), C 18 , C 18 high definition (C 18 HD), general purpose resin (GP) and strongly hydrophobic resin (SH), all cartridges containing 12.5 mg sorbent from Spark Holland, Emmen, The Netherlands, and weak cationexchange (WCX), strong cation-exchange (MCX), weak anion-exchange (WAX) and strong anion-exchange (MAX) cartridges containing 2.5 mg sorbent from Waters, Ettenleur, The Netherlands ( Table 2 ). All cartridges were conditioned with 1 mL methanol and equilibrated with 1 mL 30% v v −1 methanol/water. 
Initially selected SPE protocol
In order to optimize the off-line SPE, two different cartridges containing polymeric sorbents were used: 60 mg 3 mL Oasis® HLB (Waters, Etten-leur, The Netherlands) and 60 mg 3 mL Strata™-X (Phenomenex, Torrance, CA, USA). The retention capacity of both cartridges was investigated by application of LRM extract diluted before application with 60% water. The cartridges were subsequently washed with 50% v v −1 methanol and eluted with methanol. The wash and elution solvents and volumes were optimized during the method development stage for the cartridge with the best retention capacity. Furthermore, break-through, wash losses, and recoveries, based on the mass spectrometric analysis of the toxins present in the LRM material, before and after SPE clean-up were determined. Based on the results obtained the final SPE protocol was defined.
Final SPE protocol
After further optimization (see "Optimization of the SPE clean-up protocol" section) a 30 mg 1 mL Strata™-X cartridge was selected. It was activated with 1 mL of methanol. Prior to application of the sample, the cartridge was equilibrated using 1 mL 30% v v −1 methanol. Crude methanolic shellfish extract (1.2 mL) was diluted with 2.8 mL water and applied on the cartridge. The cartridge was washed with 1 mL 20% v v −1 methanol in order to remove polar compounds. Finally the toxins were eluted from the cartridge using 1.2 mL methanol containing 0.3% v v −1 ammonium hydroxide. The purified extracts were transferred to an HPLC vial and analyzed by LC-MS/MS. Various parameters were investigated (Fig. 2) . The recovery of the SPE clean-up step was determined by comparing the MS response of individual toxins spiked to the crude extract pre-SPE with the same toxins spiked to the purified extract post SPE. Secondly, the matrix effect observed for each toxin in the crude extract was determined for both LC gradients by comparing the toxins spiked to crude extract with the toxins spiked to methanol. In the same way, the matrix effects observed in the purified extracts, obtained after SPE, were determined by comparing the purified extract with the toxins spiked to methanol. Finally, the apparent recovery, defined as the combination of the (reduced) matrix effect and the recovery of the SPE was established by comparing the pre-SPE toxinspiked extracts with the toxins spiked to methanol. All experiments were repeated five times for each matrix, the results were based on the total area of three transitions, except for YTX where under acidic conditions one transition was used (Table 1) . At low pH, the predominant precursor ion was the single charged molecule at m/z 1,141. 
Results and discussion
Initial method development
The first step of the SPE method development focused on finding an appropriate sorbent which retained the various toxin groups. With the Symbiosis Pharma system, a rapid sorbent screening of 12 different sorbents ranging from very polar to strongly hydrophobic was performed (see Table 2 for the chemistry of the sorbents). On most cartridges, retention may be expected based on the lipophilic character of the toxins tested. Additional retention due to the presence of ionizable functional groups may play an important role when ion-exchange cartridges are used.
Based on the chemistry of the ion-exchange sorbents, a prediction could be made for the interaction of the various toxins with these sorbents, indicating the difficulties to be expected in finding an appropriate sorbent which will retain all lipophilic marine toxins. To study the retention of the toxins on the various ion-exchange sorbents, the cartridges were washed and eluted with alkaline, neutral, and acidic solutions. All wash and elution combinations were tested per ion-exchange cartridge. In this way, the cartridges were also used in their non-ideal or even opposite polarity of wash and elution conditions. OA, which contains a carboxylic acid group, was very well retained on the MAX cartridge as expected; but also the WAX cartridge (specific for strong acids) yielded a high recovery under most of the applied wash and elution conditions, with the exception of the alkaline wash and acidic elution (<25%; Fig. 3 ). YTX contains two sulfonic acid groups and should be retained on a WAX cartridge. Good recoveries on the WAX cartridge were obtained for YTX, when a neutral or acidic wash was applied in combination with alkaline elution (Fig. 3) . However, the recovery for YTX was poor on the MAX, WCX, and MCX cartridge regardless of the conditions applied. AZA1 is an amphoteric compound containing a carboxylic acid as well as an amino group, and could be retained on the MAX as well as on the MCX cartridge. The MAX cartridge gave good recoveries for AZA1 with an alkaline wash followed by acidic elution and with a neutral wash and basic elution. Furthermore, reasonable recoveries were obtained for AZA1 on the MCX and WCX cartridge with an acidic or neutral wash and neutral or alkaline elution (Fig. 3 ). SPX1 and GYM contain an imine group which should be retained best on an MCX cartridge. However, SPX1 was also well retained on the WCX cartridge under most conditions (Fig. 3) . PTX2, a neutral compound, does not contain any specific functional groups. For this reason, it is difficult to predict its behavior on the different cartridges. In practice, PTX2 had some retention on all cartridge types. The best recoveries were obtained on the MAX and WCX cartridges under acidic wash con- Fig. 3 Sorbent screening of different ion-exchange cartridges using the Symbiosis Pharma automated SPE system. Highest signal intensity per individual toxin set at 100% (n=2) Fig. 2 Flowchart of the investigated parameters of the SPE clean-up ditions. Reasonable recoveries were obtained on the MAX and WAX cartridges using an alkaline wash and acidic elution. Figure 3 shows that only in two instances (MAX and WAX with acidic wash and alkaline elution) two out of five toxins were retained with high efficiency (>90%). Only on one occasion (WAX cartridge with a neutral wash and neutral elution step), four out of five toxin groups could be recovered with more than 50% yield. It is evident that it will be very difficult to find an ion-exchange cartridge and the appropriate wash and elution conditions at which for all five toxin groups good recoveries are obtained.
With respect to the silica-based sorbents that were tested with the Symbiosis Pharma system, OA gave good recoveries on all the cartridges that were investigated, with the exception of the CN cartridge (Fig. 4) . For YTX, good recoveries were obtained with the C 18 HD and GP cartridge, while AZA1 showed good recoveries on all the cartridges except on the SH cartridge. The recovery of PTX2 was good on all cartridges with the exception of the CN cartridge. From the data shown in Fig. 4 , it is clear that the C 18 HD and GP cartridges showed overall the best recoveries of the five toxin groups.
In conclusion, for the ion-exchange and silica-based cartridges and for each toxin different optimum conditions and different optimal sorbents were obtained. Especially for YTX, it was difficult to find suitable conditions that would match with the other toxins. As none of the cartridges dealt with above is capable to retain all five toxin groups, the focus changed towards general purpose polymeric cartridges. These polymeric cartridges can be applied for a broad range of compounds. Two different brands of polymeric sorbents were selected for further investigation, Oasis® hydrophilic lipophilic balance (HLB) and Strata™-X. Because the Strata™-X cartridge was not available for the Symbiosis Pharma system, further optimization experiments were performed off-line. With polymeric cartridges such as Oasis® HLB and Strata™-X retention of compounds is based on their polar and lipophilic interactions.
Optimization of the SPE clean-up protocol
In comparison with the previous tested sorbents (ionexchange and silica) the polymeric cartridges are capable to retain all the lipophilic marine toxin groups. From Fig. 5 it can be seen that OA, DTX1, DTX2, and YTX retained 20-50% better on the Strata™-X than on the Oasis® HLB cartridge during the application and wash step. AZA1, -2, -3, and PTX2 were retained 5-10% better on the Oasis® HLB cartridge. Overall, Strata™-X performed better. Therefore, the Strata™-X cartridge was used for further optimization experiments. Volume and organic solvent strength of the applied crude extract, wash step, and elution step were optimized.
Solvent strength of crude extract
The volume and organic solvent strength of the crude shellfish LRM extract tolerated during application on the Strata™-X cartridge was investigated. No break-through was observed when the crude methanol extracts (2 mL) were diluted to 30% v v −1 methanol in water prior to application to the SPE cartridge. At a higher percentage, methanol (40%, 50%, 60% v v −1 methanol in water) breakthrough of OA, DTX1, DTX2, and YTX was observed.
Increasing volumes of crude sample extract (up to 6 mL diluted to 30% v v −1 methanol by mixing with 14 mL water) were applied to the 60 mg cartridge. In none of the extracts was break-through of any of the toxins observed. Thus, if necessary, a concentration step can be incorporated into the extraction protocol.
Wash step
The organic solvent strength of the wash step (3 mL) was optimized by using 0-70% v v −1 methanol/water mixtures with increments of 10%. OA, DTX1, DTX2, and YTX started to elute (less than 3%) when wash solutions were used with more than 30% methanol. AZAs were retained on the cartridge with up to 50% methanol and PTX2 did not elute even with 70% methanol. A wash step of 20% v v −1 methanol/water was incorporated to avoid losses during washing. Next, the effect of using acidic, neutral, or alkaline 20% v v −1 methanol/water as wash solvent was investigated. The acidic wash solvent contained 1% v v −1 formic acid and the 
Elution step
Elution was performed with 2 mL methanol. To estimate the amount of remaining toxins on the cartridge a second elution step with 2 mL methanol, collected in a second vial, was incorporated. The first elution resulted in an almost complete recovery (>90%) of OA, DTX1, DTX2, AZA1, AZA2, AZA3, and PTX2 but for YTX, the recovery was somewhat lower (60-70%). Around 10-20% of YTX was eluted in the second step. The recovery of YTX correlated with the pH of the wash step used during clean-up. With an alkaline wash step, the recovery of YTX was higher (80-90%), while with an acidic wash step, it was lower (50-60%). By adding 0.3% v v −1 ammonia solution to the elution solvent, the recovery could be increased to around 90% for YTX without affecting the recoveries of the other toxins. Using higher concentrations of ammonia did not further improve recoveries. The stability of the toxins under alkaline conditions in the presence of ammonia has been investigated previously [12] . No degradation of any of the toxins was observed even at concentrations of 12.5% v v −1 ammonia in water.
Performance of the optimized protocol
All optimization experiments were conducted with 60 mg Strata™-X cartridges. Although this may be a very practical size to be used in routine monitoring of shellfish samples it was decided to downscale the procedure to 30 mg cartridges in order to save valuable toxin standards.
To study the efficacy of the optimized SPE protocol with respect to recovery and matrix effects, methanolic extracts with a solvent-to-sample ratio of 10, from blank mussels, scallops, and oysters were spiked with OA, YTX, AZA1, and PTX2. In a second experiment, SPX1 and GYM were spiked to a blank mussel extract to check if the developed method could also be applied for these toxins as well. Toxin concentrations were chosen such that they were at (16 ng mL −1 OA and PTX2) or somewhat below (20 ng mL −1 YTX and 10 ng mL −1 AZA1) the current permitted level in EU legislation [10] . For SPX1 and GYM, there is currently no legislation established. These toxins were added to the mussel extract at a concentration of 12.5 ng mL −1 .
It was anticipated that the chromatographic conditions used prior to MS detection can be of importance to the observed matrix effects [26] . Changing the pH of the mobile phase may lead to an altered separation of toxins and matrix components. To investigate the effect of chromatographic separation, two different established HPLC methods were used [12, 28] , one using acidic conditions and the other one alkaline conditions. As was shown before, the elution profile of the toxins is quite different under these conditions [12] .
The ion ratios of the various transitions were reproducible with RSDs lower than 15% (n=70, data not shown). The only exception was PTX2 analyzed in the ESI − mode in combination with the acidic LC method. Due to an eightfold-lower sensitivity, compared to ESI + , an RSD of around 25% was obtained.
Recovery of the SPE method
The SPE clean-up procedure using Strata™-X cartridges worked well for OA, YTX, AZA1, PTX2, SPX1, and GYM yielding good to excellent recoveries (Tables 3, 4 , and 5). The average recovery of all toxins and matrices combined was good, 90.0±6.0% as determined with the alkaline LC gradient, and 92.6±6.9% with the acidic LC gradient. For individual toxins the recovery varied between 74.6±2.9% for YTX in oyster extract (as determined by the alkaline LC gradient method) and 102.9±10.7% for OA in oyster extract (measured in ESI − with the acidic gradient). In general, the relative standard deviations (RSD) obtained with the alkaline method (max. 12.5% for GYM) were better compared to those of the acidic method (max. 22.3% for AZA1). Ideally, the recoveries calculated with both methods should not be significantly different, because the recovery of the SPE should not be influenced by the chromatographic system used. Indeed, most of the recov- ) in mussel and in oyster and YTX in oyster. For OA, no explanation can be given for the differences in the recovery obtained. For YTX, the differences in recovery can be explained by the peak shape of YTX that was rather poor under acidic conditions, which hampered an accurate integration of ion signals (Fig. 6) . , enhancement and suppression effects for OA are stronger than in ESI − . This is true for both applied methods, but especially for the alkaline method for which significant suppression is observed after SPE clean-up. OA, DTX1, and DTX2 are, therefore, preferably analyzed in the ESI − mode.
For YTX, only moderate matrix effects were observed in the crude extracts (Tables 3, 4 , and 5). The largest effect was observed for the mussel extract run under acidic conditions resulting in 25% ion enhancement. Under alkaline conditions, the oyster extract gave 20% ion suppression for YTX. SPE clean-up contributed to a reduction of the suppression and enhancement effects for YTX in the various extracts to 15% for both LC gradients. The only exception was the mussel extract analyzed with the acidic gradient, for which an enhancement of around 20% was found. For YTX, significantly smaller RSDs were [28] . Suppression effects for AZA1 in the crude extracts were in the order of 20-40% with the acidic, and 10-20% with the alkaline method. After SPE clean-up, still some suppression (20% in scallop extracts) was found with the acidic gradient while with the alkaline gradient the suppression was reduced to <5%. For both methods, the relative standard deviations obtained were good (<15%) except for the crude scallop extract analyzed under acidic conditions (RSD 35.9%).
For PTX2, the differences in observed matrix effects in the crude extracts between ESI + and ESI − were not as large . Differences in matrix effects observed between the two gradients can be explained by the fact that the alkaline gradient is probably such that the toxin elution occurs outside the elution of the majority of the matrix constituents resulting in less ion suppression and enhancement effects.
In the crude mussel extract, only minor suppression occurred for SPX1 and GYM with both gradients (<15%). Surprisingly, for the extract analyzed after SPE the suppression increased to 35% with the acidic conditions, while for the alkaline method the suppression remained minimal at less than 5%. It can be concluded that SPE clean-up resulted in the reduction of matrix effects for most toxins studied. However, the amount of reduction was variable and depended on the chromatographic conditions used. Overall, the clean-up was more efficient and more reproducible in combination with the alkaline method. As shown in Tables 3,  4 , and 5 most toxins analyzed with the alkaline gradient gave a significant (p≤0.05) reduction in matrix effects after SPE clean-up compared to the crude extracts.
Apparent recovery of the SPE method
The apparent recovery, defined as the combined effect of the SPE recovery and the remaining matrix effects is shown in Tables 3, 4 , and 5. In general, an improvement was obtained when the apparent recoveries were compared with the corresponding recoveries obtained from the crude extracts indicating the beneficial effect of applying SPE clean-up for the removal of matrix components likely to induce suppression effects. For the acidic gradient, the apparent recovery varied between 62.5% for SPX1 and GYM in mussel and 117.4% for PTX2 in the oyster extract. For the alkaline method, the apparent recovery varied between 77.6% for YTX in oyster and 100.4% for YTX in the scallop extract. Furthermore, the RSDs obtained with the alkaline method were significantly better than with the acidic method.
In order to improve the apparent recovery, the apparent recovery should be corrected for the loss of toxins encountered during SPE. There are several methods to correct for these losses. First, a correction factor matching the loss of recovery could be used, which should be determined during validation of the method. The second option is to use matrix-matched standards. When these matrix-matched standards are applied to the SPE procedure, they would give the correction for the recovery of the SPE step.
In general, the overall recovery of the SPE clean-up combined with the alkaline method was more reproducible than with the acidic method.
Conclusion
The SPE clean-up using Strata™-X cartridges resulted in reduced matrix effects when both acidic and alkaline LC gradients were applied. Moreover, when SPE was used in combination with the alkaline method the matrix effects after SPE were reduced to less than 15% for all toxins analyzed in their preferred mode regardless of the matrix used. For the acidic method, differences in matrix effects were less substantial between the crude extract and extract after SPE. The matrix effects obtained in crude mussel extracts were in accordance with the results obtained by Fux et al. [26] . Only for two toxins (OA and AZA1) in purified mussel extract were the matrix effects less than 15%. In the present study, the observed RSDs of the results were much smaller with the alkaline method as well (<15%).
When the apparent recovery is compared to the crude extract, a significant improvement (p≤0.05) was only obtained for a few toxins (Tables 3, 4 , and 5). At first sight, one could consider not to implement the SPE procedure. The loss of toxins encountered during SPE (average recoveries around 90%) attributed to this modest improvement in apparent recovery. However, when the crude extract and the extract after SPE were compared, a significant reduction (p ≤ 0.05) in matrix effects was obtained for most toxins analyzed by the alkaline method (OA ESI + , AZA1, PTX2 ESI + and ESI − , and GYM) and for some analyzed with the acidic method (OA ESI + , and AZA1).
The detection limits of the alkaline and acidic method is as previously published well below the current legislation [12] .Therefore, small losses obtained during the SPE will not lead to sensitivity issues during the analysis of marine lipophilic toxins at the current established levels.
Differences observed between the acidic and alkaline chromatographic conditions after SPE clean-up using Strata™-X indicate that the clean-up could possibly still be further improved. This will, however, not be easy because the large range of lipophilicities involved. Analysis of single-toxin groups and after selective SPE clean-up could be considered as an alternative, but obliviously only at the expense of increased analytical turnaround times. The use of the Symbiosis Pharma system for the automated screening of various SPE sorbents was advantageous in this study. With this system, the testing of sorbents including the testing of various wash and elution solvents could be done more effectively compared to the time consuming offline optimization experiments. In summary, this study showed that the use of branded, polymeric SPE sorbents for shellfish extract clean-up has the efficiency to reduce deleterious matrix constituents whilst, in most toxin/ shellfish matrix combinations, maintaining satisfactory reproducible recoveries.
